The phloem-feeding aphid Essigella californica represents a potential threat to the productivity of Pinus radiata plantations in south-eastern Australia. Five-and nine-year-old field trials were used to characterize the effects of artificial and natural aphid-induced (E. californica) defoliation, respectively, on shoot photosynthesis and growth. Photosynthetic capacity (A max ) was significantly greater following a 25% (D25) (13.8 µmol m −2 s −1 ) and a 50% (D50) (15.9 µmol m −2 s −1 ) single-event uppercrown artificial defoliation, 3 weeks after defoliation than in undefoliated control trees (12.9 µmol m −2 s −1 ). This response was consistently observed for up to 11 weeks after the defoliation event; by Week 16, there was no difference in A max between control and defoliated trees. In the D50 treatment, this increased A max was not sufficient to fully compensate for the foliage loss as evidenced by the reduced diameter increment (by 15%) in defoliated trees 36 weeks after defoliation. In contrast, diameter increment of trees in the D25 treatment was unaffected by defoliation. The A max of trees experiencing upper-crown defoliation by natural and repeated E. californica infestations varied, depending on host genotype. Despite clear differences in defoliation levels between resistant and susceptible genotypes (17 vs. 35% of tree crown defoliated, respectively), growth of susceptible genotypes was not significantly different from that of resistant genotypes. The observed increases in A max in the lower crown of the canopy following attack suggested that susceptible genotypes were able to partly compensate for the loss of foliage by compensatory photosynthesis. The capacity of P. radiata to regulate photosynthesis in response to natural aphid-induced defoliation provides evidence that the impact of E. californica attack on stem growth will be less than expected, at least for up to 35% defoliation.
Introduction
The global productivity of Pinus radiata plantations (occupying ~4 M ha, Brink 2008) can be markedly reduced by foliage loss due to attack by biotic agents (Bulman 1993 , May and Carlyle 2003 , Carnegie et al. 2006 , Durán et al. 2008 . In Australia, the exotic phloem-feeding aphid Essigella californica Essig (Hemiptera: Aphididae) (Carver and Kent 2000 , May and Carlyle 2003 , Wharton et al. 2004 ) has been associated with widespread needle yellowing and premature defoliation in P. radiata plantations in south-eastern Australia (Hopmans et al. 2008 , Sasse et al. 2009 , Eyles et al. 2011 . First discovered in Australia in 1998, May (2004) estimated an average reduction in growth by 6% in stands aged >10 years of age based on an average defoliation of ~8%.
Physiological responses to defoliation have been well characterized for woody, evergreen species and, in general, involve the activation of multiple compensatory mechanisms that function to increase total crown photosynthesis (Reich et al. 1993 , Lavigne et al. 2001 , Eyles et al. 2009a , 2009b , Quentin et al. 2010 . These include compensatory photosynthesis, defined as an increase in photosynthetic rates of the remaining foliage on damaged relative to undamaged plants. This response to defoliation has been reported in various woody, evergreen species (e.g., P. radiata, Sweet and Wareing 1966, Pseudotsuga menziesii, Kolb et al. 1999 , Pinus resinosa, Vanderklein and Reich 1999 , Abies balsamea, Lavigne et al. 2001 , Eucalyptus globulus, Pinkard et al. 2007 ) though not for all species (e.g., Pinus strobus, Vanderklein and Reich 2000) , suggesting that there may be species-specific responses in the occurrence of compensatory photosynthesis. To our knowledge, there has only been one study that has examined the photosynthetic responses of P. radiata to defoliation (Sweet and Wareing 1966) .
Unlike leaf-chewing insects, which remove leaf tissue and thereby directly reduce photosynthetic capacity, aphids and other phloem-feeding insects that feed on foliage potentially have multiple impacts on host physiology (Goggin 2007 , Zvereva et al. 2010 . Firstly, in addition to the direct withdrawal of photo-assimilates, aphid infestations also influence the import and export of resources among plant organs to increase the nutritional quality of their feeding sites (Girousse et al. 2005 , Goggin 2007 ). Furthermore, aphid infestations induce foliage chlorosis and necrosis, leading to premature foliage abscission. For the P. radiata-E. californica system, this defoliation has been shown to occur in late autumn and early winter following peak aphid infestations during late summer and early autumn (Hopmans et al. 2008) . Essigella californica prefer to feed on 1-year-old and older needles, and initially infest in the mid-upper crown, progressing upwards to the terminal shoot, from mid-whorl out to shoot tips and eventually move downwards to the lower crown, following a 'top-out' pattern of defoliation. Therefore, trees attacked by E. californica exhibit characteristic thin crowns, especially from mid-to upper crowns (May and Carlyle 2003) . There is evidence to suggest that the expression of defoliation induced by E. californica is influenced by variation in host resistance, being moderately to highly heritable in P. radiata progeny trials (Sasse et al. 2009 ). The basis for this apparent resistance to E. californica-induced defoliation, however, is unknown.
The impact of aphid-induced defoliation on host responses has been reported for a few species of tree-feeding aphids but most studies generally focus on quantifying associated losses in host growth (Straw et al. 2005 , Hopmans et al. 2008 ). To date, there have been few studies investigating the effects of foliage phloem-feeding insects on photosynthesis in woody plant species (Zvereva et al. 2010 ) and none for E. californica. A study investigating the carbon costs of phloem-feeding herbivory found evidence of compensatory photosynthesis in Nothofagus solandri var. solandri infested by the scale insect Ultracoelostoma assimile Homoptera: Coelostomidiidae (Dungan et al. 2007 ). We established two field trials to examine the growth responses of P. radiata to artificial defoliation or repeated aphid-induced defoliation, as modulated by defoliation intensity or tree genotype, and to quantify the photosynthetic responses underpinning these responses. The aim of the artificial defoliation experiment was not to directly replicate natural aphid-induced defoliation but to provide some insight into the impact of a late-season foliage loss on the photosynthetic processes of P. radiata. We asked the following specific questions: (i) Does the severity of artificial defoliation influence the magnitude and duration of photosynthetic upregulation? (ii) Do within-crown photosynthetic responses to E. californica attack differ between resistant and susceptible genotypes subjected to natural and repeated aphid-induced defoliation?
Materials and methods
Two contrasting field experiments were conducted in adjacent stands in Victoria, Australia to quantify photosynthetic and growth responses to either artificial or insect-induced defoliation in P. radiata plantation trees. In Experiment 1, we simulated the effects of naturally observed aphid-induced late-season defoliation by the artificial removal of needles following a top-down pattern during autumn using 5-year-old trees. In Experiment 2, 9-year-old trees with a natural history of insect-induced defoliation caused by the exotic aphid pest E. californica were used. As a tree host, P. radiata shows an unusual feature in the lack of a defined dormant season in the majority of the trees (Codesido and Fernández-López 2009) . In Australia, although there tends to be some growth throughout the year, P. radiata has an extended growing season with maximum growth occurring in spring and summer (Pawsey 1964) . Similar amounts of growth, however, have been reported during spring and autumn under favourable conditions (Cremer 1973) .
Study area
Experiments 1 and 2 were located 30 km south-east of Benalla, Victoria (lat. 36°46′S, lon. 145°50′E; lat. 36°46′S, lon. 145°53′E, respectively). The soil is a mesotropic, red dermosol (Isbell 1996) . The site averages 668 mm annual rainfall and average pan evaporation is in excess of 1250 mm. Monthly average maximum and minimum temperatures are 31.0 and 14.9 °C in January (mid-summer), and 12.8 and 3.2 °C in July (mid-winter, Australian Bureau of Meteorology) (Figure 1 ). The rainfall during the time of the study was below average (Figure 1 ).
Design Experiment 1 (artificial defoliation)
Five blocks were established, each comprising three trees to which one of the three following treatments was randomly assigned: removal of all whole needles (excluding apical buds) from the upper 50% (D50) or 25% (D25) of tree height following a top-down pattern, and an undefoliated control for a total of 15 experimental trees. There was a singlerow buffer tree between each treatment. The defoliation process was completed in 1 day and carried out in May 2009 to coincide with the time of year in which E. californicainduced defoliation occurs naturally, i.e., late autumn and early winter (Hopmans et al. 2008 ). All needle material was collected during defoliation. Total leaf area removed was 1.1 ± 0.1 m 2 (mean ± standard error) and 1.9 ± 0.2 m 2 for D25 and D50 treatments, respectively. Gas-exchange measurements of needles located in the lower zone of the crown (<50% of tree height) were undertaken just prior to defoliation and then at 3, 7, 11 and 16 weeks after defoliation. The net light-saturated CO 2 uptake (A max ) and stomatal conductance (g s ) of fully expanded current-year needles measured just prior to defoliation were not signi ficantly different across treatments (i.e., mean values of A max = 14.2 ± 0.4 µmol m −2 s −1 and g s = 0.171 ± 0.008 µmol m −2 s −1 ; P > 0.05). Height (H) and diameter at breast height (DBH) of each tree were measured immediately prior to defoliation, and 7 and 18 weeks after defoliation. The trees were 3.41 ± 0.15 m in height with a mean DBH of 53 ± 4 mm at the time of defoliation. In order to explore the effects of defoliation on stem growth following a full growing season, H and DBH were measured again 36 weeks after defoliation. Gas exchange was not measured on this final sampling date because differences between treatments were no longer apparent at the previous measurement time. 
Gas-exchange measurements
A max and g s were measured with a portable open-path gasexchange system with CO 2 control (Li-Cor LI-6400 portable IRGA (Li-Cor, Lincoln, NE, USA). Measurements were undertaken using the standard 20 × 30 mm chamber equipped with blue-red light emitting diodes mounted on the top of the chamber with a photosynthetic photon flux density (PPFD) of 1500 µmol m −2 s −1 and a [CO 2 ] of 370 ppm. After enclosure in the chamber, the needles were left to equilibrate until a constant CO 2 flux was observed (up to 5 min). Measurements were made between 09:00 and 15:00 h Australian Eastern Standard Time.
For Experiment 1, leaf gas-exchange measurements were made on attached healthy fascicles located in the lower canopy on the sunlit side of each tree. Three fascicles each of both current-and 1-year-old foliage were measured across all sampling dates, except in Week 11 when the responses of net photosynthesis [A] to varying incident PPFD were measured on fully expanded current-year needles only. Net photosynthesis was measured at a PPFD of 2000 µmol m −2 s −1 and then reduced in a stepwise manner to 0 µmol m −2 s −1 .
[CO 2 ] was maintained at 370 ppm, and needle temperature at 20 °C.
For Experiment 2, gas-exchange measurements were made on fascicles of 0.4-0.8 m long branches shot down from the lower and upper zones of the crown on the sunlit side of the trees (Figure 2 ). This technique has been shown to provide stable photosynthetic responses in conifers, including P. radiata, for up to 12 h after cutting (Posch et al. 2008) . Branches were immediately placed cut-end first in a bucket of water and recut under water to avoid embolism. The trees were sampled as five blocks, each block comprising three resistant and three susceptible genotypes to minimize the effect of time of measurement. The excised branches were kept in the shade until gas-exchange measurements were conducted, all within 1 h of collection. Gas exchange was measured on fascicles both attached current-and 1-year-old in April and August, but the small size of the current-year needles in December 2008 precluded their measurement.
For both experiments, following gas-exchange measurements, those fascicles were removed from each branch and dipped in liquid nitrogen, and then immediately stored in a portable freezer at −20 °C (Engel, Sawafuji Electric Co. Ltd, Ota City, Japan) for chlorophyll analyses. Another 10 fascicles positioned close by the gas-exchange fascicles were collected for needle morphology and N analyses. Specific leaf area (S) was calculated as the ratio of total needle surface area to needle dry mass. The surface area was calculated from fascicle length and diameter, assuming that needles are a one-third cylinder (Wood 1971) . The needles were then dried at 65 °C for 60 h and dry mass determined.
Crown health assessments
For Experiment 2, crown defoliation by aphids was visually assessed to the nearest 10% by ground-based visual examination of trees, using binoculars where necessary. The assessable green tree crown was divided into four even horizontal quartiles allowing crown defoliation to be assessed at each quartile ( Figure 2a) . The mean defoliation percentages of the upper two quartiles only were then used to calculate a defoliation index (D I ) (Eyles et al. 2011) . All assessments were carried out by the same highly trained and experienced forest health assessor. Aphid populations were roughly estimated by firmly tapping the shot-down upper and lower branch three times onto a white A4 paper and counting one-eighth of the paper (Watson et al. 2008) . No aphids were detected in the lower crown of December 2008 and August 2009. They were, however, detected across all genotypes (ranging from 38 to 836 per branch) during April 2009.
Foliar analyses
Chlorophyll was extracted with 100% acetone (v/v) from needle material ground in liquid nitrogen (Eyles et al. 2009b ). Chlorophyll concentrations were quantified at four wavelengths (A 470 , A 645 , A 662 and A 710 ) using an ultraviolet-visible spectrophotometer (Varian spectrophotometer; Varian, Inc., Palo Alto, CA, USA). Total chlorophyll (Chl a+b ), chlorophyll a and chlorophyll b concentrations were calculated with the equations of Lichtenthaler (1987) . Needle nitrogen concentration was determined on dried and ground material with an elemental analyser (Thermo Finnigan EA 1112 Series Flash Elemental Analyser; Thermo Scientific, MA, USA). Foliar N (N) was determined for all samples in Experiment 1, but in Experiment 2 only the August samples were analysed.
Data analyses
For Experiment 1, the effects of treatment, needle age, time and their interactions on diameter and height increment, gasexchange measurements, and foliar chemistry (N, Chl a+b ) and S were examined by repeated measures analysis of variance (ANOVA). There were no significant treatment × needle age interactions and the results are not presented. A non-rectangular hyperbolic function was fitted to each photosynthetic light response curve (Sands 1995) and the following parameters were calculated: efficiency of photosynthesis (apparent quantum yield, Φ), A max and apparent dark respiration (R dark ). Analysis of variance was used to explore the differences between treatments in these photosynthetic parameters. For Experiment 2, exploratory analysis of D I using repeated-measures ANOVA followed by Tukey's honestly significant difference (HSD) test (at P < 0.05) showed that the means of the six families fell into two distinct groups, i.e., a 'resistant' group and a 'susceptible' group ( Figure 2b ). As such, the main effect Photosynthetic responses to artificial and aphid-induced defoliation 595 Exploratory analysis of D I using repeated measures ANOVA followed by Tukey's HSD test (at P < 0.05) showed that the means of the six families fell into two distinct groups, i.e., a 'resistant' group and a 'susceptible' group. Values are means of five replicates ±SE bars.
Downloaded from https://academic.oup.com/treephys/article-abstract/31/6/592/1656500 by guest on 10 April 2019 of tree family on parameters was examined in the form of resistant and susceptible genotypes rather than individual genotypes. Thereafter, the random effects of individual genotypes were taken into consideration by incorporating the effect of each genotype as an effect nested within a replicate and the data separately analysed within a measurement period using a multi-factorial ANOVA to test for the main effects of genotype, canopy position, needle age and their interactions on all parameters. Repeated measures were not used due to incomplete data and because comparisons between time periods were not of interest. The assumptions of ANOVA such as homogeneity of variance and the Gaussian distribution were checked by the use ofplots and residual plots for all variables. GenStat (10th edition) was used for all analyses followed by Fisher's protected least significant difference (LSD) post hoc tests to determine significant differences among treatment means. Relationships between A max and g s were examined by generalized linear regression.
Results

Experiment 1: effects of severity of defoliation
By Week 18, diameter increment was significantly less in the D50 treatment compared with either the control or D25 treatment (Figure 3a ; P < 0.05). By Week 36, there was still a significant difference but magnitude had been reduced to 15%. Trees in the D25 treatment were able to maintain growth increments comparable to trees in the control treatment ( Figure  3 ; P < 0.05). Defoliation had no effect on height increment over the course of the experiment (Figure 3b) .
By Week 3, A max in the D50 treatment was 24% greater than the control treatment (Table 1 ; P < 0.05). This increase was sustained through to Week 11, but by Week 16 there were no significant differences between treatments (Table 1) . For the D25 treatment, a significant increase in A max was observed in Week 7 only (Table 1) . The light response curve obtained at Week 11 revealed that the observed increase in A max in response to the D50 treatment was not related to either increased photosynthetic efficiency or changes in cellular respiration, as indicated by the lack of significant differences between treatments in Φ and R dark (Figure 4 ; P > 0.05). There was, however, a non-significant 27% increase in R dark in the D50 treatment compared with the control treatment.
There was no significant defoliation × time effect on g s (Table 1) . However, g s was significantly higher in response to defoliation, with g s of trees in the D25 (0.29 ± 0.02 mol m −2 s −1 ) and D50 treatments (0.33 ± 0.02 mol m −2 s −1 ) 1.3 and 1.5 times higher, respectively, than the control value (0.22 ± 0.02 mol m −2 s −1 ) (P < 0.05). There was a strong coupling of A max and g s for all measurements after defoliation and this relationship was unaffected by defoliation ( Figure 5 ). Neither S, L, Chl a+b nor N was affected by defoliation.
Experiment 2: interactive effects of repeated aphidinduced defoliation and tree genotype
The D I of tree families 123, 126 and 180 (susceptible genotypes) was significantly higher than that of tree families 631, 633 and 634 (resistant genotypes) in both December 2008 (prior to aphid attack) and August 2009 (post-aphid attack) ( Figure 2b ) (P < 0.001) (mean D I : resistant = 17.5 ± 1.4; susceptible = 36.8 ± 2.11; P < 0.001). Neither DBH (data not presented) nor diameter increment measured during the 4 months (April 2009 to August 2009) of the study period were affected by genotype (resistant = 30 ± 4 mm; susceptible = 40 ± 4 mm; P > 0.05).
Prior to aphid attack (December 2008), neither A max nor g s was significantly affected by genotype though there was a non-significant 24% increase in A max of the lower canopy only in susceptible genotypes (Tables 2 and 3 ). During aphid attack (April 2009), both A max and g s were low across all genotypes. These measurements were carried out at a time when the trees had only received 6.3 mm of the total 47.6 mm monthly 596 Eyles et al. long-term mean rainfall (Figure 1) . Furthermore, the rainfall received during the 3 months preceding April was far below average ( Figure 1 ). The S of susceptible genotypes was significantly lower (3.2 ± 0.1 m 2 kg −1 ) compared with resistant genotypes (3.6 ± 0.1 m 2 kg −1 ), indicating the production of thinner needles in susceptible genotypes (Table 2, P < 0.001).
In August 2009, post-aphid attack, there was significant genotype × canopy position × needle age interaction on A max and g s (Table 3) . This was most evident in current-year needles. In the lower zone only, A max of susceptible genotypes was 24% higher than for resistant genotypes (Table 3) . Resistant genotypes had 38% lower A max in the lower than in the upper zone while A max values of susceptible genotypes were similar in each zone (Table 3 ). The g s values of current-year needles were 14% less in resistant than susceptible genotypes in the lower zone (Table 3) . Resistant genotypes (0.69 ± 0.02 g m −2 ) had significantly higher Chl a+b concentration than susceptible genotypes (0.61 ± 0.02 g m −2 ) ( Table 2) .
Across all sampling dates, there was a positive linear relationship between A max and g s (Figure 6 ). In December 2008
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Figure 4. Light responses of net CO 2 assimilation in current-year needles of 5-year-old P. radiata trees 11 weeks after defoliation. Values are means of five replicates ±standard error for dark respiration rate (R d ) and apparent quantum efficiency (Φ). PAR, photosynthetically active radiation. Table 1 . Effect of defoliation treatments on photosynthetic characteristics of needles from 5-year-old P. radiata. Data are mean values of photosynthesis (A max ), stomatal conductance (g s ), needle length (L), specific leaf area (S), foliar nitrogen (N) and total chlorophyll content (Chl a+b ). One SE is shown in parentheses, n = 10 (for Weeks 0, 3, 7 and 16) and n = 4 (for Week 11). Different letters indicate that means are significantly different at P < 0.05 within a measurement period. 128 (5) 127 (6) 119 (6) 127 (6) Tr × Time ns D50
130 (5) 127 (5) 129 (4) 141 ( (Figure 6a and b) , indicating increased instantaneous water-use efficiency in susceptible genotypes. In August 2009, this linear relationship was unaffected by genotype (Figure 6c ).
Discussion
Effects of artificial defoliation on growth and physiology
Diameter increment of P. radiata measured 36 weeks after one single late-season defoliation was unaffected by the removal of 25% (D25) upper-crown artificial defoliation, but was reduced by 50% (D50) removal. Our results showed that P. radiata trees grown in field conditions have some capacity to offset the reduction in total crown photosynthesis following defoliation. This is consistent with previous studies of defoliated evergreen species. For example, Smith and Clements (1994) showed that 50% bottom-up defoliation of older needles early in the growing season had little impact on the growth of 7-yearold P. radiata trees. In general, recovery of radial responses following a single defoliation event in conifers is faster following bottom-up vs. top-down defoliation pattern, early vs. late season defoliation and removal of older vs. younger needle age cohorts (Rook and Whyte 1976 , Reich et al. 1993 , Smith and Clements 1994 , Little et al. 2003 , Piene 2003 .
As found in previous studies (Little et al. 2003 , Pinkard et al. 2007 , Eyles et al. 2009b , compensatory photosynthesis was observed following defoliation in P. radiata. Specifically, photosynthetic rates increased significantly 3 weeks after application of the D25 and D50 treatments, with rates returning to control values by Week 16 (Table 1 ). The level of photosynthetic upregulation did not significantly differ between Figure 5 . Relationship between light-saturated net CO 2 uptake (A) and stomatal conductance (g s ) of 5-year-old P. radiata trees following control, D25 and D50 treatment. Data are for a single representative measurement time (Week 7 of the experiment). The relationship for all measurements is y = 31.85x + 5.59 (r 2 = 0.84, n = 29, P < 0.001). Table 2 . Results of the multi-factorial ANOVA, showing the significance of the main effectors (Genotype: resistant vs. susceptible; Canopy position: lower vs. upper crown) and their interactions for photosynthesis (A max ), stomatal conductance (g s ), specific leaf area (S), total chlorophyll content (Chl a+b ) and foliar nitrogen (N) for each sampling date. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant. current-year and 1-year-old needles. There was, however, a trend towards higher photosynthetic rates in current-year compared with 1-year-old needles by at least 22% (data not shown). Previous observations have demonstrated that coniferous current-year foliage exhibits the highest level of photosynthetic activity later in the growing season (Troeng and Linder 1982) . The duration of photosynthetic upregulation was longer than that reported for other tree species subjected to artificial defoliation (e.g., 3-5 weeks for E. globulus, Turnbull et al. 2007 , Eyles et al. 2009b ) but similar to that reported for P. resinosa (i.e., 14 weeks after 50% defoliation in spring, Reich et al. 1993) . Unlike winter-deciduous trees, which primarily store their carbohydrate reserves in roots and main stems (Loescher et al. 1990 ), the largest carbohydrate pool in evergreen conifers is needles (Li et al. 2002) . Given that defoliation of needles means a reduction not only in photosynthetic capacity but also in total carbohydrate reserves, the relatively long duration in photosynthetic response suggests that compensatory photosynthesis plays a key role in the restoration of carbon pools in evergreen conifers.
In the present study, there was little evidence to suggest that the changes in photosynthetic rates following defoliation were related to improvements in N availability (Table 1 ) (e.g., Lavigne et al. 2001 , but see Reich et al. 1993 . One mechanism that has been linked to photosynthetic upregulation is a decrease in source:sink ratio following defoliation, whereby refoliation of the crown results in a greater demand for carbohydrates, thereby stimulating photosynthesis in the remaining foliage (Wareing and Patrick 1975) . In particular, the downregulation of photosynthetic capacity to pre-defoliation levels has been noted to coincide with refoliation to pre-defoliated levels and restoration of the sink:source ratio (Medhurst et al. 2006 , Alcorn et al. 2008 ). This evidence, however, has been derived largely from studies examining evergreen trees with an indeterminate growth habit. Our results suggest that this explanation is not applicable to evergreen trees with a deterministic growth habit such as P. radiata. In the current study, photosynthetic rates were the same across treatments by Week 16 (Table 1) , but full crown recovery in terms of leaf area per tree would not have been possible following an autumn defoliation as there is little Photosynthetic responses to artificial and aphid-induced defoliation 599 Table 3 . Effect of genotype × canopy position × needle age interaction on photosynthetic characteristics of needles from 10-year-old P. radiata for each sampling date. Data are mean values of photosynthesis (A max ), stomatal conductance (g s ), needle length (L), specific leaf area (S), foliar nitrogen (N) and total chlorophyll content (Chl a+b ). One SE is shown in parentheses, n = 15. Different letters indicate that means are significantly different at P < 0.05 within each zone. foliage growth during winter (between June and August) for this species (Raison et al. 1992) . Other studies examining compensatory photosynthesis following defoliation in tree species with a similar life form to that of P. radiata suggest that photosynthetic upregulation is due to alterations in the allocation of mineral nutrients, resulting in enhanced synthesis or activity of photosynthetic enzymes and pigments (Lavigne et al. 2001 , Little et al. 2003 . Alternatively, there is evidence to suggest that recovery of the root:shoot balance, due to a shift in allocation of new biomass to stem at the expense of root, may explain the return of photosynthetic rates to pre-defoliation levels (Reich et al. 1993, Vanderklein and Reich 1999) . Regardless of the mechanism, the results from our current study provide evidence that compensatory photosynthesis enabled defoliated trees to fully compensate for 25% but less so for 50% foliage loss, 1 year after an autumn defoliation.
Interactive effects of repeated aphid-induced defoliation and host genotype on growth and physiology
Although susceptible genotypes had a greater D I in response to aphid-induced defoliation than resistant genotypes, there were no significant differences in diameter increment between treatments. While we have no records of the frequency and intensity of prior aphid infestations for these trees, high aphid populations were recorded during this study. An unpublished comparison (Southern Tree Breeding Association) of the mean breeding values of susceptible and resistant genotypes found no evidence that the susceptible genotypes were genetically predisposed to inherently faster growth than the resistant genotypes. Therefore, the lack of growth difference between the two classes of genotype was surprising. In previous studies examining the impact of naturally induced defoliation on growth responses of P. radiata, the relationship has been shown to vary (van der Pas 1981 , Smith and Clements 1994 , May 2004 Trees experiencing repeated aphid-induced defoliation have some capacity to compensate for foliage loss by increased photosynthesis. Higher photosynthetic rates were observed in the lower crown of susceptible genotypes compared with resistant genotypes, particularly in December 2008 and August 2009 when photosynthetic responses were not constrained by moisture stress (Table 3) . In the few studies that have compared the photosynthetic responses of resistant and susceptible trees following natural defoliation, Chen et al. (2001) similarly found a stronger compensatory photosynthetic response to western spruce budworm (Choristoneura occidentalis Freeman, Lepidoptera: Tortricidae) defoliation in resistant than susceptible Douglas fir (P. menziesii var. glauca) clones. In contrast to aphids though, the larvae of western spruce budworm feed directly on developing buds and needles, especially current-year needles (Chen et al. 2001) . In the present study, the difference in photosynthetic responses between genotypes may have been caused by incident light levels and not as a consequence of a genetic difference in compensatory photosynthesis after defoliation. As mentioned, E. californica-induced defoliation has been shown to follow a top-out pattern of defoliation (May and Carlyle 2003) . Although the light environment of the trees was not examined in this study, we anticipate that the light environment in the crowns of susceptible and resistant genotypes differed. Posch et al. (2008) estimated that the daily radiant flux integral of lower canopies was only ~30% of total above-canopy photosynthetic photon flux for a 21-year-old P. radiata plantation. Given their thinned tops, there was most likely greater illumination within the crown of the susceptible trees than resistant genotypes.
Our study focused on the effects of foliage loss on photosynthetic processes; however, as shown in previous studies, other factors in addition to compensatory photosynthesis may also contribute to the recovery of damaged trees (Eyles et al. 2009a (Eyles et al. , 2009b . In the case of the P. radiata-E. californica system, attack by E. californica primarily results in the loss of year-one or older needle cohorts. Trees therefore retain highly active current-year shoots and needles that can supply current-year photosynthate (Kulman 1965) , which presumably aids in their recovery. Secondly, retranslocation of mobile nutrients such as N from senescing leaves is an important mechanism of nutrient conservation in temperate conifers (Nambiar and Fife 1991) . In P. radiata, ~50% of the N required by the new foliage has been shown to originate from senescing, older needle-age classes (Crane and Banks 1992) . Although aphid infestations result in the premature loss of these older needle cohorts, the effect of this loss may be less than expected. The abscission of aphid-damaged needles has been observed to occur over a course of weeks to months (Hopmans et al. 2008 ), and we therefore suggest that trees have the opportunity to retranslocate N from damaged needles prior to needle fall. The net amount of N retranslocated during leaf senescence (calculated as a proportion of pre-senescent values over one growing season) was 76% in young P. radiata trees (Fife et al. 2008) .
Quantifying the impact of defoliation on photosynthetic capacity, regardless of the causal agent, will assist the accuracy of process-based growth models in predicting the longterm impact of defoliation on stand productivity of pine plantations. Results from both trials, considered together with findings from Sweet and Wareing (1966) , indicate that fieldgrown P. radiata can partly offset the impact of a once-off pre-canopy closure foliage loss, as well as post-canopy closure natural repeated E. californica-induced defoliation. Consistent with results shown for other evergreen woody tree species, damaged P. radiata plantation trees, regardless of the causal agent of damage, appear able to partly compensate for foliage loss by the upregulation of photosynthetic rates.
